Cholinesterase (ChE) in brain and muscle was quickly inhibited during a 48-hr in vivo exposure to chlorpyrifos (0.1 ppm), parathion (0.15 ppm), and methyl parathion (8 ppm) in mosquitofish (Gambusia ajfinis). ChE remained inhibited during a 96-hr nonexposure period. Brain ChE reached peak inhibition by 12 hr after exposure to parathion and chlorpyrifos and by 4 hr after exposure to methyl parathion. All insecticides caused greater than 70% ChE inhibition by 4 hr in muscle. There was no recovery of ChE after 4 days of nonexposure in either brain or muscle. Hepatic aliesterases (AliE) were quickly and greatly inhibited (>70% by 4 hr) after exposure to parathion and chlorpyrifos but not after exposure to methyl parathion. Exposure to methyl parathion required 24-36 hr to inhibit hepatic AliE to the same level as that following parathion and chlorpyrifos exposures at 4 hr. Exposure to all insecticides eventually resulted in greater than 80% inhibition of AliE. None of the test groups treated with insecticides showed any signs of significant recovery of AliE during the 4 days of nonexposure. Nonprotein sulfhydryl (NPSH) concentrations were lower than controls after 24 hr of exposure and 96 hr after recovery for all compounds. Exposure to methyl parathion lowered NPSH concentrations greater than the other compounds. Hepatic AliE appear capable of affording some protection of ChE from inhibition following parathion or chlorpyrifos exposures, but considerably less protection against methyl parathion. © 1996 society of Toxi col ogy Many agricultural applications of organophosphorus (OP) insecticides are close to streams, rivers, and other waterways. Contamination can cause acute or chronic toxicity to the organisms living in these waterways. A common animal of freshwater habitats around the world (Krumholtz, 1948) mosquitofish (Gambusia affinis), is a prime candidate for contamination with the OP insecticides. Mosquitofish show a range of sensitivities to the three OP insecticides selected for study here; they can tolerate about 40-fold more methyl parathion than parathion and about 2-fold more parathion than chlorpyrifos. The reported LC50's are 0.35 ppm for parathion and 13.45 ppm for methyl parathion in mosquitofish (Chambers and Yarbrough, 1974) . The LC50 for chlorpyrifos is 0.15 ppm (this paper). The phosphorothionates (chlorpyrifos, parathion, and methyl parathion) are similar in structure and must be bioactivated to their oxon metabolites (chlorpyrifos-oxon, paraoxon, and methyl paraoxon, respectively) to cause their neurotoxic effects. Parathion was found to be 20-fold more toxic than methyl parathion in bluegill, green, and pumpkinseed sunfish (Benke et ai, 1974; Minchew and Ferguson, 1970; Pickering et al., 1962) . The large toxicity difference between parathion and methyl parathion in sunfish could not be explained by differences in absorption from water (Benke et ai, 1974). Thus, it is unlikely that the greater tolerance of sunfish to methyl parathion results from lesser absorption. It has also been shown that chlorpyrifos is very toxic at suggested mosquito control concentrations to bluegill, largemouth bass, guppies, and fathead minnows (Jarvinen et al., 1988; Macek et al., 1972; van der Wei and Welling, 1989) . The various toxicities have been documented in fish in many studies and show that these compounds are potentially detrimental at usage levels. Mechanisms other than rate of absorption must be identified to describe the toxicity differences.
Time Course of Inhibition of Cholinesterase and Aliesterase Activities, and Nonprotein Sulfhydryl Levels Following Exposure to Organophosphorus Insecticides in Mosquitofish {Gambusia affinis). BOONE, J. S., AND CHAMBERS, J. E. (1996) . Fundam. Appl. Toxicol 29, [202] [203] [204] [205] [206] [207] Cholinesterase (ChE) in brain and muscle was quickly inhibited during a 48-hr in vivo exposure to chlorpyrifos (0.1 ppm), parathion (0.15 ppm), and methyl parathion (8 ppm) in mosquitofish (Gambusia ajfinis). ChE remained inhibited during a 96-hr nonexposure period. Brain ChE reached peak inhibition by 12 hr after exposure to parathion and chlorpyrifos and by 4 hr after exposure to methyl parathion. All insecticides caused greater than 70% ChE inhibition by 4 hr in muscle. There was no recovery of ChE after 4 days of nonexposure in either brain or muscle. Hepatic aliesterases (AliE) were quickly and greatly inhibited (>70% by 4 hr) after exposure to parathion and chlorpyrifos but not after exposure to methyl parathion. Exposure to methyl parathion required 24-36 hr to inhibit hepatic AliE to the same level as that following parathion and chlorpyrifos exposures at 4 hr. Exposure to all insecticides eventually resulted in greater than 80% inhibition of AliE. None of the test groups treated with insecticides showed any signs of significant recovery of AliE during the 4 days of nonexposure. Nonprotein sulfhydryl (NPSH) concentrations were lower than controls after 24 hr of exposure and 96 hr after recovery for all compounds. Exposure to methyl parathion lowered NPSH concentrations greater than the other compounds. Hepatic AliE appear capable of affording some protection of ChE from inhibition following parathion or chlorpyrifos exposures, but considerably less protection against methyl parathion. © 1996 society of Toxi col ogy Many agricultural applications of organophosphorus (OP) insecticides are close to streams, rivers, and other waterways. Contamination can cause acute or chronic toxicity to the organisms living in these waterways. A common animal of freshwater habitats around the world (Krumholtz, 1948) , the mosquitofish (Gambusia affinis), is a prime candidate for contamination with the OP insecticides. Mosquitofish show a range of sensitivities to the three OP insecticides selected for study here; they can tolerate about 40-fold more methyl parathion than parathion and about 2-fold more parathion than chlorpyrifos. The reported LC50's are 0.35 ppm for parathion and 13.45 ppm for methyl parathion in mosquitofish (Chambers and Yarbrough, 1974) . The LC50 for chlorpyrifos is 0.15 ppm (this paper). The phosphorothionates (chlorpyrifos, parathion, and methyl parathion) are similar in structure and must be bioactivated to their oxon metabolites (chlorpyrifos-oxon, paraoxon, and methyl paraoxon, respectively) to cause their neurotoxic effects. Parathion was found to be 20-fold more toxic than methyl parathion in bluegill, green, and pumpkinseed sunfish (Benke et ai, 1974; Minchew and Ferguson, 1970; Pickering et al., 1962) . The large toxicity difference between parathion and methyl parathion in sunfish could not be explained by differences in absorption from water (Benke et ai, 1974) . Thus, it is unlikely that the greater tolerance of sunfish to methyl parathion results from lesser absorption. It has also been shown that chlorpyrifos is very toxic at suggested mosquito control concentrations to bluegill, largemouth bass, guppies, and fathead minnows (Jarvinen et al., 1988; Macek et al., 1972; van der Wei and Welling, 1989) . The various toxicities have been documented in fish in many studies and show that these compounds are potentially detrimental at usage levels. Mechanisms other than rate of absorption must be identified to describe the toxicity differences.
The target enzyme for these OP insecticides or their metabolites is assumed to be acetylcholinesterase (AChE). In mammals death is caused by asphyxiation (Murphy, 1986 : O'Brien, 1960 . The exact cause of acute toxicity in fish is less well understood, since as long as water crosses the gills, transfer of oxygen occurs. The relationship between AChE inhibition in brain and muscle and toxicity is not well described in fish.
The mammalian liver possesses a variety of serine esterases which can be phosphorylated by the oxons and provide protection against poisoning ). Aliesterases (carboxylesterases), which are inhibited by the oxons the same as AChE, are saturable. The protective role of aliesterases (AliE) to OP insecticide poisoning in fish is not yet understood.
Glutathione (GSH) conjugation followed by mercapturic acid formation is a route of detoxication of many xenobiotics, including OP insecticides (Motoyama and Dauterman, 1980; Sultatos and Woods, 1988) . The importance of GSHdependent dealkylation of dimethyl OP insecticides has been established (Dicowsky and Morello, 1971; Fukami and Shishido, 1966; Hutson et al, 1972; Morello et al., 1968; Motoyama and Dauterman, 1972) . However, the exact contribution of GSH in detoxication has been questioned in rats (Chambers et al., 1994) and mice (Costa and Murphy, 1984; Dorough, 1983; Sultatos and Woods, 1988) . In fish the role is even less well understood.
A time course inhibition and recovery study was performed to help determine the protective roles of AliE and GSH (as approximated by nonprotein sulfhydryl), if any, during the exposures, and to determine how these putative protective mechanisms, in conjunction with inhibition of AChE, relate to the toxicity differences.
MATERIALS AND METHODS

Chemicals and instrumentation.
The chlorpyrifos, parathion, methyl parathion, and their respective oxons were supplied by Dr. Howard Chambers (Department of Entomology, Mississippi State University), were synthesized according to described procedures (Chambers and Chambers, 1989) , and were greater than 95% pure. All other reagents and biochemicals were obtained from Sigma Chemical Co. (St. Louis, MO). All spectrophotometric analysis was done using a Perkin-Elmer Lambda 5 spectrophotometer.
Treatment of animals.
Mosquitofish were collected from catfish breeding ponds having no known insecticide exposure at Mississippi State University (Oktibbeha County, MS). The fish used were adult females between 25 and 50 mm total length (about 1 g). The fish were maintained in the laboratory in flow-through tanks using dechlorinated tap water. Fish were held under controlled temperature (25-30°C) and light cycle (12 light/ 12 dark) to minimize the reported seasonal variation in cytochrome P450 monooxygenases, liver size, and other enzymes (Chambers and Yarbrough, 1979) .
Cholinesterase assay. The amount of enzyme activity was quantified spectrophometrically by a modification (in tissue source and preparation) of the technique of Ellman et al. (1961) as described in Chambers and Chambers (1989) using acetylthiocholine as the substrate and 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) as the chromogen. Since acetylthiocholine was used as the substrate, the enzyme(s) assayed here is probably AChE. No characterization was performed with other selective inhibitors, however, so the activities measured here are referred to as cholinesterase (ChE). Brain samples were homogenized and assayed in 0.05 M Tris-HCI buffer (pH 7.4) at 0.25 mg/ml. Muscle samples (a source of peripheral ChE) were homogenized in 1.15% KC1, filtered through glass wool, and assayed in Tris-HCI buffer at 0.3 mg/ml. The assays were incubated at 30°C. Eserine sulfate at 10" 5 M (dissolved in methoxyethanol) was used as a blank to correct for non-ChE-mediated hydrolysis. The absorbance was determined at 412 nm.
Aliesterase assay. Enzyme activity was quantified spectrophotometrically by a modification of the method of Carr and Chambers (1991) . Briefly, liver was homogenized and assayed in 0.05 M Tris-HCI buffer (pH 7.4) at 0.25 mg/ml. A parallel incubation of sample with the serine esterase inhibitor paraoxon (final concentration 0.01 nw) was used to correct for nonenzymatic hydrolysis. The substrate, 4-nitrophenyl valerate in methoxyethanol (final concentration 0.5 mM), was added and incubated at 30°C. The reaction was stopped by the addition of a mixture of sodium dodecyl sulfate and Tris base. The sample was read at 400 nm for the amount of 4-nitrophenol liberated.
Protein determination.
Protein concentration was quantified using the Folin phenol reagent by the method of Lowry et al. (1951) . Bovine serum albumin was used as the standard.
Dosage mortality study. Dosage mortality studies were conducted in 8-liter all-glass aquaria in dechlorinated tap water. A fish density of two fish per liter was used and the fish were held in these aquaria for 24 hr prior to the introduction of the insecticide. The insecticides were dissolved in reagent grade acetone. Five different concentrations were used, 0.1 to 0.3 ppm for chlorpyrifos, 0.1 to 1 ppm for parathion, and 10 to 15 ppm for methyl parathion. Acetone alone was nontoxic in the quantity used (1 ml/ liter). The 48 hr LC50 values were calculated by linear regression of the log concentration vs logit mortality transformation of the data.
Time course inhibition and recovery. The fish were exposed to solvent (control), chlorpynfos (0.1 mg/liter), parathion (0.15 mg/liter), or methyl parathion (8.0 mg/liter) for 48 hr These concentrations were chosen because they were sublethal, yet resulted in high levels of brain ChE inhibition. At the end of the treatment period the fish were transferred to aquaria with fresh water. Three separate tanks for each treatment were used to represent three different replications. Samples were taken at times 0, 4, 8, 12, 24, and 48 hr following initial exposure and 0, 24, 48, 72, and 96 hr following transfer to fresh water. The brain, muscle, and liver were removed for subsequent determinations of central and peripheral ChE and hepatic AliE.
Nonprotein sulfhydryl determination.
Potential GSH conjugation was estimated by exposing the living fish to chlorpyrifos, parathion, and methyl parathion as described above. Samples were taken after 24 hr of insecticide exposure and after 96 hr of the recovery period. Liver was homogenized at a concentration of 10 mg/ml in 0.1 M sodium phosphate buffer, pH 7.4, and diluted to 5 mg/ml in 4% sulfosalicylic acid. The homogenate was left in an ice bath for 30 min and centrifuged in an Eppendorf centrifuge at 17,500g for 5 min. Nonprotein sulfhydryls (NPSH), as an index of glutathione concentration, were quantified according to Boyland and Chasseaud (1970) by detection with DTNB at 412 nm.
Statistical methods. A general linear model procedure was used for all experiments. If a significant F was determined, then the Student-NewmanKeuls test was used to distinguish among means. All statistical analysis was performed using the SAS program (Version 6.03, 1987 ; SAS, Inc., Cary, NC) on a personal computer. All differences were determined to be significant at the p < 0.05 level.
RESULTS
The LC50 values calculated for chlorpyrifos, parathion, and methyl parathion were 0.15, 0.35, and 13.48 ppm, respectively. Chlorpyrifos was 2-fold more toxic than parathion, and parathion was 40-fold more toxic than methyl parathion to the mosquitofish, as judged by the LC50 values. The LC50's were repeated to ensure that the acute toxicities were similar to previous experiments.
Exposures were 40-60% of LC50 values and there were no mortalities. Exposure to all three insecticides lowered NPSH concentrations below control levels after 24 hr of " Concentration expressed as yg nonprotein sulfhydryl/mg protein, mean ± SEM. N = 3 for all samples, except control where N = 6. The percentage decrease from controls is indicated in parentheses.
* Means not followed by the same uppercase letter are significantly different at p < 0.01 using the SNK test.
exposure (Table 1) . Methyl parathion exposure lowered hepatic NPSH concentration at 24 hr two-and threefold more than parathion and chlorpyrifos, respectively. Although the methyl parathion group showed recovery, the NPSH concentration at 96 hr was still below the concentrations in the parathion and chlorpyrifos groups. NPSH concentrations were still lower than control values for all insecticides at 96 hr.
In the time course inhibition and recovery studies, ChE in brain and muscle for all compounds was quickly inhibited and stayed inhibited following in vivo exposure (Tables 2  and 3 ). Parathion and chlorpyrifos reached peak inhibition by 12 hr and methyl parathion by 4 hr in brain. All insecticides caused greater than 70% inhibition by 4 hr in muscle ChE. There was no clear recovery of activity after 4 days of nonexposure in brain or muscle ChE.
Hepatic AliE were quickly and greatly inhibited (>70% by 4 hr) following exposures to parathion and chlorpyrifos but not to methyl parathion. Methyl parathion exposure required 24-36 hr to reach the levels of inhibition from parathion and chlorpyrifos, but all finally attained a high level of inhibition (>80%) ( Table 4) . None of the test groups treated with the insecticides showed any signs of recovery of AliE activity during the 4 days of nonexposure.
DISCUSSION
The acute toxicities of parathion and methyl parathion to mosquitofish were similar to previous studies, with parathion more toxic (Chambers and Yarbrough, 1974) . The acute toxicity of chlorpyrifos was greater than parathion. These toxicity differences among the three insecticides were similar to those reported for bluegill, fathead minnows, goldfish, guppies, and other fish (Mayer and Ellersieck, 1986) .
GSH conjugation may partially explain the toxicity differences in fish among chlorpyrifos, parathion, and methyl parathion. Exposure to methyl parathion showed the greatest depletion of NPSH followed by parathion and chlorpyrifos, suggesting that detoxication by GSH conjugation serves to protect the animal. These relationships correspond to the acute toxicity differences. It should be noted, however, that the fish were exposed to much higher concentrations of methyl parathion, and, therefore, more substrate for conjugation reactions was available, yielding more depletion of cofactor. In pumpkinseed sunfish, the hepatic disappearance of GSH was also greater when the fish was exposed to methyl parathion compared to parathion after 4 hr . While GSH conjugation may play a role in acute toxicity differences, the esterase inhibition patterns are probably of greater significance in explaining the toxicity differences, as described below.
In the in vivo experiments, the high levels of inhibition Activity expressed as nmol/(min)(mg protein), mean ± SEM. N = 3 for all samples, except control where N = 27. The percentage decrease from controls is indicated in parentheses. * Means not followed by the same uppercase letter are significantly different at p < 0.05 using the SNK test. 39.5 ± 3 9 C (81.1) 33.1 ± 1.6 C (84.2) 39.9 ± 10.3 C (80.9) 39.7 ± 14.9 C (810) Control = 208.9 ± 54.9 A " Activity expressed as nmol/(min)(mg protein), mean ± SEM. N = 3 for all samples, except control where N = 27. The percentage decrease from controls is indicated in parentheses. * Means not followed by the same uppercase letter are significantly different at p < 0.05 using the SNK test of the ChE by 4 hr indicated that bioactivation occurred rapidly after exposure. In rats, 15 min after an ip injection of a high dose of parathion, the brain AChE was inhibited by 90% which indicated rapid bioactivation . Also, high levels of brain and muscle AChE inhibition (85 and 65%, respectively) in pumpkinseed sunfish were seen 24 hr after exposure to parathion and methyl parathion (Benke et ai, 1974) .
The slow rate of recovery from inhibition indicated that the enzymes remained persistently inhibited and/or they are not being replaced at any significant rate. Four days of nonexposure should have allowed the clearance of free insecticide, so recovery and reinhibition of the enzymes seems unlikely, although release of insecticide from a depot cannot be ruled out. Pumpkinseed sunfish exposed to parathion and methyl parathion had a very slow rate of recovery of AChE. After 2 weeks of recovery, sunfish brain and muscle AChE was still 50% inhibited, and after 4 weeks of recovery the brain and muscle AChE still did not reach control levels . Four days were required for the AChE in guppies to start recovering from chlorpyrifosinduced inhibition; AChE was still 60% inhibited after 4 weeks (van der Wei and Welling, 1989) .
This information suggests that much of the AChE has become irreversibly inhibited ("aged"); aging is a dealkylation of the phosphorylated AChE which renders it resistant to hydrolysis. After an ip injection of paraoxon in rats the brain AChE was inhibited 83-94% in 2 hr and decreased to 25-45% after 4 days. In these rats aging of the AChE increased from none after 2 hr to almost 100% of the inhibited AChE after 4 days (Chambers and Chambers, 1989) . After the AChE had aged and the unbound OP insecticide had been cleared, AChE appeared to be replaced. This replacement could be by the synthesis of new AChE and/or by the usage of sequestered AChE, not previously active or exposed to the oxons. The same phenomenon could be occurring in the mosquitofish, but the slower rate of recovery may be due to lower amounts of reserve AChE and/or a slower synthesis of new AChE. " Activity expressed as nmol/(min)(mg protein), mean ± SEM. N = 3 for all samples, except control where N = 27. The percentage decrease from controls is indicated in parentheses. * Means not followed by the same uppercase letter are significantly different at p < 0.05 using the SNK test.
Assuming that a minimum amount of AChE is needed to sustain life, and since it has been proposed that fish have a greater reserve of AChE than rats, fish should be able to withstand a greater degree of inhibition. At the LD50 level of malathion, malaoxon, parathion, and paraoxon, 50-70% of the rat brain AChE was inhibited whereas in the rainbow trout, 70-90% of the brain AChE was inhibited. A greater degree of enzyme inhibition is associated with death in fish compared with that of rats (Johnson and Wallace, 1987) . The large amount of inhibition could show that fish do not require as much functional AChE to sustain life as do mammals. Mosquitofish in this study were able to endure 6 days of 70-90% ChE inhibition; thus, it would seem that mosquitofish have a vast amount of ChE, mosquitofish do not need as much ChE to sustain life, and/or the acute toxicity of these compounds to mosquitofish results from other mechanisms. Others have questioned the importance of acetylcholine in neuromuscular transmission in the largemouth bass and the sculpin and have suggested that OP insecticide toxicity in these species may not result from alteration of cholinergic function in muscle (Schnieder and Weber, 1975) .
The more rapid inhibition of hepatic AliE than brain or muscle ChE following parathion and chlorpyrifos exposures suggests that the AliE have a higher affinity for paraoxon and chlorpyrifos-oxon and can afford the animal substantial protection from the oxons as they are generated within the liver. This protection is similar to what we have observed in rats Chambers et ah, 1990) . In contrast, the slow inhibition of hepatic AliE in mosquitofish following methyl parathion exposure suggests that AliE have lower affinities for methyl paraoxon and that they would be able to afford less protection to AChE. This conclusion is further supported by the fact that ChE inhibition was considerably more rapid following methyl parathion exposure. Other mechanisms, like GSH conjugation, could be used to protect the animal until oxon concentrations reach higher levels by continuing desulfuration or by the depletion of available GSH. The persistent inhibition of the AliE in mosquitofish indicated slow recovery and slow replenishment of AliE.
Even though mosquitofish displayed increased amounts of inhibition of both brain and muscle ChE and hepatic AliE at 72 and 96 hr of recovery, the signs of toxicity were diminished. These signs (tremors, swimming posture, body movements, and swimming patterns) were similar to reports on other fish (Little and Finger, 1990) . The same type of recovery was seen in rats exposed to paraoxon but at a faster rate. The rats showed signs of toxicity on the first day, but the signs were not present during the following 3 days tested, even though the brain AChE was still inhibited by 25-45% (Chambers and Chambers, 1989) . Signs of toxicity ceased in mosquitofish even when the ChE was still greater than 70% inhibited.
In conclusion, the data indicated that AliE probably can afford some protection in mosquitofish against ChE inhibition following parathion or chlorpyrifos exposures, but offer considerably less protection with methyl parathion, presumably because of their low affinity for methyl parathion. GSH conjugation appeared to be more relevant for methyl parathion than parathion or chlorpyrifos. Other mechanisms, such as detoxication by cytochrome P450 or A-esterases, may also contribute some protection; these factors as well as ChE and AliE sensitivity are subjects of additional studies on intercompound differences in toxicity levels. Finally, the rapid and long term inhibition of AChE suggests that mere inhibition of AChE may not be the major cause of acute toxicity in fish.
